Abstract In a recent study, it was proposed that Reynolds stress by oceanic mesoscale eddies not only drives jets such as Subantarctic Front but also can force overturning circulations that are composed of rising motion on the poleward flank and sinking motion on the equatorward flank of the jets. In that study, the thermally indirect, jet-scale overturning circulations (JSOCs) were detected in an eddy-resolving model simulation of the Southern Ocean. Here observational evidence of the existence of JSOCs is demonstrated by showing that the Argo floats tend to drift poleward across the jet with the maximum drift speed coinciding with the corresponding jet maximum. This finding has an implication for the observed deep mixed layer because it was previously shown that in the model the JSOCs play a key role in preconditioning the formation of a deep and narrow mixed layer at just~1°north of the Subantarctic Front.
Introduction
The Antarctic Circumpolar Current (ACC) extends unbroken around the Southern Ocean and is important to the Earth's climate due to its role in modulating a global-scale thermohaline circulation (Marshall & Speer, 2012; Toggweiler & Samuels, 1995) . The eastward flow of the ACC is made up of a series of fronts, that locally cover a broad meridional extent of~15°, and is comparable to the meridional scale of atmospheric wind curl (Trenberth et al., 1990) . Across the entire ACC, the meridional overturning circulation of the Southern Ocean is driven by midlatitude westerly winds acting to tilt isopycnal surfaces and geostrophic standing and transient eddies transporting mass poleward and flattening the slope of isopycnal surfaces (Marshall & Speer, 2012; Masich et al., 2018; Olbers et al., 2004) .
The Southern Ocean regulates climate by transporting and sequestering greenhouse gases and heat (Frölicher et al., 2015; Sabine et al., 2004; Sallée et al., 2012; Sarmiento et al., 2004) . Transport across the base of the mixed layer is the pathway to sequestration (Jones et al., 2016; Sallée et al., 2012; Sarmiento et al., 2004) . Many processes have been proposed as possible candidates for the ventilation mechanisms, such as wind-driven Ekman transport (Dong et al., 2007 (Dong et al., , 2008 Downes et al., 2011; Holte et al., 2012; Rintoul & England, 2002; Sallée et al., 2006) , air-sea buoyancy flux (Hogg, 2010; Sallée et al., 2010) , and ocean eddy heat transport (Kuo et al., 2005; Phillips & Rintoul, 2000; Schmitz, 1996; Treguier et al., 1997; Weller et al., 2004) , turbulent mixing (Belcher et al., 2012; Wenegrat & McPhaden, 2016) , and vertical and lateral entrainment (Close & Goosse, 2013; Dong et al., 2007) . One of the challenging aspects of developing a viable mechanism is to explain the structure of the deep wintertime mixed layers, which form only on the equatorward flank of the SAF and have a meridional scale of only a few degrees (Figure 1 ) even in the climatology of an eddy-resolving ocean model (additional information in Text S1). A monthly snapshot ( Figure S1 ) reveals even finer filamented structure. The Argo-based observed mixed layers are also similarly narrow and occur on the equatrorward flank of the observed SAF even in a multiyear mean (Figures 1c and 1d) .
A recent study with an eddy-resolving model diagnosed new circulation features, coined jet-scale overturning circulations (JSOCs), across the ACC fronts in the Southern Ocean (Li et al., 2016; LLG hereafter) . Li and Lee (2017) found that in the same model the JSOCs play a key role in preconditioning the formation of a deep and narrow mixed layer at just~1°north of the SAF. This preconditioning enables air-sea buoyancy flux to be more effective at generating the mixed layer at that particular location. In the regions where ocean currents are strong and narrow, wind stress curl can be substantially influenced by the ocean current, and therefore even at seasonal time scale, the Ekman advection effect can be of those oceanic jet scales. However, as shown by Li and Lee (2017) , at least in the eddy resolving model considered in that study, the Ekman advection does not help destabilize the water column where the deep mixed layers form. This finding suggests that the JSOC dynamics is an additional mechanism that could help account for the observed ventilation. A first step toward investigating this possibility is to evaluate if JSOCs exist in nature.
The goal of this study is to investigate whether or not the theoretically predicted and model-simulated JSOCs exist in nature. The positions of ACC fronts both at the ocean surface and subsurface (~1 km) are estimated using satellite-based altimeter data and Argo float trajectories, respectively. Argo float trajectories are examined to access whether they align with expected JSOC subsurface cross-stream flow.
Structure of the Theoretical JSOCs
Eddies feedback on the mean ACC fronts via their buoyancy and momentum fluxes. Regarding the eddy buoyancy flux, while the mesoscale eddies themselves have scales comparable to the meridional scale of the fronts, the buoyancy flux is of the broad ACC scale. This is because poleward buoyancy flux peaks not only at the jet centers but also in the interjet regions (Lee, 1997; Lee, 2005; LLG) . This buoyancy flux-mean flow relationship is unsurprising because buoyancy flux is downgradient of background buoyancy field, and the background buoyancy gradient is equatorward not only at the latitudes of the jets but also at the latitudes of interjet regions. Therefore, eddy buoyancy fluxes are poleward over a broad latitudinal range encompassing both multiple jets (fronts) and interjet regions. It is expected that the scale of the buoyancy flux is comparable to the scale of the baroclinic zone in which the eddies are embedded. It (Delman et al., 2015) and (c and d) Argo float data (Holte et al., 2017) in the Indo-western Pacific Southern Ocean (IWPSO) and the Eastern Pacific Southern Ocean (EPSO), respectively. The POP-model simulated MLD is defined as Large et al. (1997) (described in Text S1 in the supporting information). The Argo-based MLD is based on the density criterion (Δσ = 0.03 kg/m 3 ). Contours in (a) and (b) are depth-averaged (above 1 km) and Gaussian-boxcar-smoothed July zonal velocity from POP, and those in (c) and (d) are
July surface geostrophic velocity V ! follows then that an overturning circulation driven by eddy buoyancy flux must also be of the scale of the baroclinic zone ( Figure 2a ). In contrast, the eddy momentum flux convergence occurs at the latitude of the jet cores and its divergence at the interjet minimum (LLG). Therefore, the JSOCs, which are driven by eddy momentum flux convergence, have a much smaller meridional scale (Figure 2b ), comparable to the filamented mixed layers.
The present state of knowledge of the JSOCs has been inferred from theory (LLG) and from a 0.1°Los Alamos Parallel Ocean Program (POP) model simulation (described in Text S1 in the supporting information) and can be described as follows. The JSOCs have a meridional scale of only a few degrees and, in the model, are most notably associated with the SAF. Being driven mechanically, the JSOCs are thermally indirect, resembling the Ferrel Cell in the atmosphere, with sinking motion on the equatorward flank of the jet and rising motion on the poleward flank. The JSOCs are visible in isopycnal coordinates and are not an artifact of an Eulerian averaging. These sinking and rising motions are deep-reaching and even evident close to the ocean floor and are connected by poleward motion at depth across the jet (LLG). The hypothesis of this study builds upon LLG: If the JSOCs exist, one expects that the Argo floats at a nominal depth of~1 km (known as the parking depth) would drift poleward across a narrow latitudinal band where the jet is located (Figure 2c ). Moreover, the poleward drift speed would be maximum at the jet core. Because eddy buoyancy flux is somewhat stronger in the interjet or jet flanks (LLG), if the poleward drift is caused by eddy buoyancy flux instead, even stronger poleward drift would exist in the interjet regions. Therefore, an examination of the meridional structure of the drift speed should allow us to discern if the poleward drift is caused by eddy momentum flux or eddy buoyancy flux.
Data and Methods

Surface Geostrophic Velocity From Satellite-Based Altimeter Data
The sea surface height (η) derived from the Archiving, Validation, and Interpretation of Satellite Oceanographic (AVISO) product (Ducet et al., 2000 ; http://www.aviso.oceanobs.com/) is used in this study to compute surface geostrophic velocity. The daily η data from January 2005 to December 2016 are used. The surface geostrophic velocity
where g is the gravity and f is the Coriolis parameter. The magnitude of the geostrophic velocity is defined as
Subsurface Velocity From Argo Float Trajectories
Argo float data were collected by the International Argo Program and associated contributing national programs (http://www.argo.ucsd.edu; http://argo.jcommops.org). Data from January 2005 to December 2017 were used in this study. Argo float data provide the locations of drifting floats approximately every 10 days and corresponding profiles of temperature and salinity between the surface and 2 km (Riser et al., 2016) . Because the floats are programmed to drift at the parking depth of~1,000 dbar for~9 days and to ascend or descend over a time period of~1 day (roughly about 10% of each duty cycle), their trajectories can be used to obtain direct estimates of the Lagrangian subsurface velocity at the parking depth (Gray & Riser, 2014; Lebedev et al., 2007; Ollitrault & Rannou, 2013) .
In this study, drift subsurface velocity at the parking depth of~1,000 dbar (approximately 1 km), V ! p u p ; v p À Á , is estimated for each float cycle using the time (t asc ) and location (X asc ,Y asc ) of the surfacing at the end of the cycle, and those of the previous cycle. By approximating the surfacing time and location of the previous cycle as time and location of the current cycle's dive (t des ,X des ,Y des ), the subsurface velocity may be computed as
For the analysis, we used cycles with drift time intervals greater than 8 days and with their parking depth deeper than 500 dbar. Because each float spends some time at the surface for transmitting measurements and coordinates to satellites and is profiling from 2 km to the surface, the actual surface drift causes an error in the estimated~1-km velocity from the Argo positions we have used. This error, however, is considered to be an order of magnitude smaller than the displacement at the parking depth (Lebedev et al., 2007; Ollitrault & Rannou, 2013) . In fact, the float is parked at~1 km for approximately 90% of its duty cycle. Therefore, it is unlikely that these errors would cause a systematic mean bias that is greater than 10%. Moreover, as found in this study and in the study of Peña-Molino et al. (2014) , the ACC velocity is sheared but has minimal rotation in the vicinity of strong fronts. Thus, the velocity error is likely largest in the along-stream direction and minimal in the cross-stream direction. Nevertheless, to assess errors when transmitting at the surface, we did this calculation twice, splitting the Argos communicating floats, which surface for hours and the Iridium communicating floats, which surface for only about 15 min, and the results were robust (not shown). While it is true that the Argos communicating floats could have a significant bias from surface residency time, it is highly unlikely that the Iridium ones do. That we found the same results for both gives us confidence that this is a small enough uncertainty. The vertical shear is also a known source of error, which is more of a problem at locations close to shallow topography (Zilberman et al., 2017) . However, the sectors analyzed in this study are far from the topography. In fact, we show in section 3.3 that the ACC jets analyzed in this study are vertically aligned to a remarkable degree. Although no corrections are applied to the subsurface velocity inferred in this study, we performed additional calculations to assess robustness of our key finding, and the results will be discussed in section 4.
Streamwise and Cross-Stream Velocities
If the jet is purely zonal, the JSOC velocity can be diagnosed using v p . However, the ACC meanders and generally flows in the southeast direction (Figure 3 ). Therefore, in order to more accurately diagnose the JSOC velocity, streamwise (u s ) and cross-streamwise (v s ) velocities must be computed instead as
where α is the counterclockwise angle between the (west-east) x axis and the streamwise direction of the jet.
The angle α was estimated by identifying the daily speed maxima for each longitude in the V ! g field computed from equation (1) 
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The linear regression applied in this study is found to be a good approximation. First, its significance is above 99.9% confidence level for each sector (Table S1 in the supporting information). The α g is also listed in Table S1 . Second, in order to test the impact of meanders that are not necessarily linear even in the limited domain, we also perform the polynomial regression and compare the root-mean-squared error (RMSE) between the linear and polynomial regressions (Table S2 in the supporting information). In fact, the RMSE of the linear regression is very small and negligibly different from that of the polynomial regression. Furthermore, to evaluate sensitivity of v s to the angle α g , we computed one standard deviation (1SD) of the angle using daily AVISO data and constructed v s fields using α g ± 1SD. ( Figure S3 shows the histogram of this daily angle where the zero in the horizontal axis corresponds to the mean value.) We found that the qualitative characteristics of the key feature in v s fields (as shown in Figure 4 ) remain intact when α g ± 1SD was used (not shown). Figure S4 and Table S1 in the supporting information). The difference between these two estimates of α is less than 1°, and thus, the estimated α is insensitive to the different data sets. This agreement in the estimated angle α is unsurprising given that the AVISO-based 
Observational Evidence of the JSOCs in Argo Float Trajectories
As described in Figure 2c , if the JSOCs exist in nature, there would be negative v s across the core of SAF, which corresponds to the primary, strongest, and northernmost ACC front. In Sector A, a total of 7,470 float cycles were used in this calculation. A total of 9,714; 7,671; and 12,375 float cycles were used for Sectors B, C, and D, respectively. The statistical significance at 99.8%, 98%, 95%, and 90% confidence levels are determined using 
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Geophysical Research Letters a Student's t test. Our results are based on the assumption that all 10-day samples of Argo float cycles are independent of each other. Repeating the significance test by assuming the velocity decorrelation time is 40 days, and therefore, reducing our degrees of freedom by a factor of 4, we found negligible differences in the significance level (not shown).
The estimated cross-stream velocity, v s , is shown with the gray bars in Figure 4 . The zero value in x axis indicates the SAF core reference to α g . It can be seen that in Sectors A-C where the SAF core is relatively well defined, v s is notably negative within ±1°of the SAF core, with its most negative value collocated with the jet. Because there is a nonzero large-scale overturning circulation meridional overturning circulation, to help isolate the jet-scale circulation, we averaged v s from À7 to +7°and then subtracted the average from the original values. In Figure 4 , the resulting perturbation speed is indicated in pink and blue bars. In Sector A, the v s is negative across the SAF (between À1.5 and +1.5°intervals) with a minimum of À1.47 cm/s in the jet core, which is statistically significant above the 99.8% confidence levels. In Sectors B and C, the negative v s is concentrated in both of the SAF and PF. In the SAF core, the v s of Sector B and C are À1.06 and -2.24 cm/s, respectively, which are both significantly different from 0 above the 99.8% confidence levels. Across the PF, the v s of the two sectors are also significantly negative, although the magnitude of the negative v s across the PF is smaller than that across the SAF. This difference is consistent with the JSOC theory because both the strength of the JSOC and the corresponding jet are driven by eddy momentum flux convergence. Therefore, the jet strength and the cross-jet circulation strength are expected to be proportional to each other. In Sector D where the SAF is relatively weak and disorganized, v s is weaker, but there is still significantly negative v s across the relatively broad swath of the SAF. The collocation between the jet-scale negative v s structure and the SAF (and also PF in Sectors B and C) is consistent with the JSOCs theory.
Conclusions and Discussion
In this study, we evaluated the existence of the JSOCs in the Southern Ocean by exploiting the fact that Argo float positions can be used for estimating Lagrangian velocity at the parking depth. Theoretically, the JSOCs are associated with well-defined jets (notably the SAF). Therefore, cross-stream velocity is examined for four sectors in the Southern Ocean where the ACC jets are particularly well defined and far from the topography. The results show that there are significantly enhanced negative cross-stream velocities across the SAF cores in all four sectors and also the PF cores in two sectors. This trajectory analysis paints the picture of overturning circulations that are remarkably consistent with the theoretical and model-simulated JSOC structure. The cross-stream velocities are notably weaker in the interjet region or jet flanks. This jet-scale structure precludes the possibility that it is driven by eddy buoyancy flux, which has a much broader, ACC scale. The JSOCs are eddy-induced cross-frontal circulations (LLG). More generally, in the eddy-induced circulation, a steady state cross-frontal circulation can occur where Eliassen-Palm flux divergence is nonzero (e.g., Haynes et al., 1991) . This eddy-induced circulation is different from the cross-frontal circulation discussed by Sekma et al. (2013) and Langlais et al. (2017) , wherein the circulation is driven by strong bottom currents flowing over the sloping topography affecting the Fawn Trough and Kerguelen Plateau.
The examination of the JSOCs in this study is conducted in the IWPSO and EPSO, which are the key regions of deep winter mixed-layer formation. The deepest mixed layers have a meridional scale of only~2°. Their centers are located~1°north of the SAF. At this location the Argo analysis implies a divergence of currents at~1 km depth, consistent with the presence of downwelling branch of the JSOCs. These results align with the mechanism proposed by Li and Lee (2017) that the JSOCs' downwelling action preconditions the water column in a way that it is more amenable for deep mixing when the ocean surface cools in winter.
While the JSOCs are extremely narrow, acting at the jet core itself (±1°), the large-scale background flow is equatorward. Only a portion of (and tracers) subducted in the SAF are immediately and locally transported equatorward (Cerovečki & Mazloff, 2016) to form the Subantarctic mode water (SAMW; Cerovečki et al., 2013; Hanawa & Talley, 2001; Holte & Talley, 2009 ). Much of the SAMW formed will continue along the ACC path. Given the relatively long residence time SAMW is able to mix out of the jet core and move equatorward to ventilate the subtropics (Jones et al., 2016) . These results may help explain why SAMW is found to ventilate the subtropics as a broad water mass even though the source is a local filamented input. Our findings that JSOCs exist in nature provide a new avenue for improving our understanding of the formation and evolution of mixed layers in the Southern Ocean.
